Background -- Game‐Changing Measurements {#pim12180-sec-0001}
========================================

Recent technological advances in the *de novo* sequencing and analysis of nucleic acids are revolutionizing the measurement of gene expression in nonmodel organisms, with promising applications in the study of the immune system [1](#pim12180-bib-0001){ref-type="ref"}. Although other phenotypic measurements of immunity remain relevant and useful, albeit limited in scope or technically difficult to apply in nonmodel organisms [2](#pim12180-bib-0002){ref-type="ref"}, these advances mean that studying the immunology of such organisms in the natural environment has become easier and can take on a genomewide perspective embodied, for example in techniques such as RNAseq. This can, in turn, be accompanied by powerful analytical approaches derived from systems biology [3](#pim12180-bib-0003){ref-type="ref"} and statistical methodologies applied in ecology. When these elements are combined with the monitoring of natural fluctuation or experimental perturbation, it opens up the possibility of 'reverse engineering' the regulatory architecture of the immune system and its interaction with other organismal traits and with natural environmental pressures [3](#pim12180-bib-0003){ref-type="ref"}.

Such approaches, using natural systems, complement the strengths and weaknesses of modern immunology [4](#pim12180-bib-0004){ref-type="ref"}. Here, the great strengths are derived from the very refined use of inbred and genetically manipulated mice under controlled conditions that negate environmental variation. This is very successful for unpicking the structure of molecular pathways and workings of cellular populations, but relevance for natural environmental variation disappears where genetically unrepresentative individuals are studied under homogenous laboratory conditions and in the absence of a natural flora and fauna of symbionts [4](#pim12180-bib-0004){ref-type="ref"}, [5](#pim12180-bib-0005){ref-type="ref"}. (Here symbiont is defined as any organism involved in an intimate association with the host, including parasitic, commensal and mutualistic associations.) The present review will be concerned with how this 'blind spot' in modern immunology can be addressed by a focus on natural populations. It will scan the horizon for unique ways in which studies of nonmodel rodents can contribute to our wider understanding of the biology of the immune system and the way it interacts with the environment to determine health. Additionally, it will consider how immunological measurement, interpreted in the light of paradigms from laboratory mouse immunology, can define individual variation relevant to ecological and epidemiological studies of infectious disease in the natural environment [1](#pim12180-bib-0001){ref-type="ref"}, [6](#pim12180-bib-0006){ref-type="ref"}. Rather than produce an exhaustive list of possible interests, though, this review will concentrate on three broad reasons to study immunology in naturally occurring vertebrate hosts, reasons that seem particularly exciting because they could have major practical implications for human health and the welfare and productivity of domesticated animals.

Each of these themes will be considered in turn and then the reasons why nonmodel rodents (species excluding *Mus musculus*,*M. domesticus* and *Rattus norvegicus*) may be particularly useful models. Finally, selected case studies will be discussed that have begun to approach some of the issues raised. Whilst the focus in these case studies is on the measurement of expression in selected candidate genes, they also illustrate the potential for future work using broader transcriptomic approaches, such as RNAseq.

Aberrant Inflammation in Anthropogenic Environments {#pim12180-sec-0002}
===================================================

Much of the ill‐health experienced in modern human populations is not caused directly by infectious agents but linked to aberrant inflammation [7](#pim12180-bib-0007){ref-type="ref"}. Thus, conditions including cancer [8](#pim12180-bib-0008){ref-type="ref"}, diabetes [9](#pim12180-bib-0009){ref-type="ref"}, asthma and allergies [10](#pim12180-bib-0010){ref-type="ref"} and various neurological [11](#pim12180-bib-0011){ref-type="ref"}, [12](#pim12180-bib-0012){ref-type="ref"} and psychiatric disorders [13](#pim12180-bib-0013){ref-type="ref"} have, in part, immunological aetiologies. Trends in these immune‐based conditions have been, broadly, upward in 'westernized' human populations, the short time scale indicating the involvement of an environmental variable or variables [14](#pim12180-bib-0014){ref-type="ref"} associated with 'modern' anthropogenic environments. In addition, the effects of environmental factors on individuals are likely to be modulated by genetic variation inherited from wild ancestral populations [15](#pim12180-bib-0015){ref-type="ref"}, [16](#pim12180-bib-0016){ref-type="ref"} -- amplifying individual variability in propensity to disease.

Identifying environmental factors {#pim12180-sec-0003}
---------------------------------

A major challenge facing biomedical science, then, is to pinpoint the environmental causes for this variance in health. In particular, given the observed epidemiological trends in immunologically based disease, the questions might be asked: What are the immunological changes that occur in the transition from natural to more anthropogenic environments, and what triggers these changes? Several causal mechanisms have been considered, but to parasite immunologists one particularly influential and intuitive (but unproven) line of thought is that increased dysregulation of the immune system is ultimately caused by the host\'s co‐adaptation to stimuli from co‐evolved symbionts. These symbionts might include macroparasites and other agents of chronic infection that tend to be lost in anthropogenic environments [17](#pim12180-bib-0017){ref-type="ref"}. This idea is embodied in what has been termed the 'hygiene' [5](#pim12180-bib-0005){ref-type="ref"} or 'old friends' [13](#pim12180-bib-0013){ref-type="ref"} hypothesis.

Surprisingly, modern immunology is not well placed to take up the challenge of identifying real‐world environmental drivers of the immune phenotype. This is because the remarkable laboratory models that have been established for revealing the molecular details of immunological pathways are unsuited to studying how these pathways interact with complex environments under natural conditions. It has often been noted that the genetics of laboratory mice does not reflect the natural situation [4](#pim12180-bib-0004){ref-type="ref"}. Typically, laboratory lineages are partly or completely inbred and often generated in a haphazard way that makes the range of allelic variation fixed in their genomes unrepresentative of natural variation [18](#pim12180-bib-0018){ref-type="ref"}. In the case of the fully inbred (isogenic) lines, their genomewide homozygosity is itself highly unnatural. Whilst these disadvantages would perhaps be overcome [19](#pim12180-bib-0019){ref-type="ref"} by a range of carefully generated wild‐derived inbred and outbred lines [20](#pim12180-bib-0020){ref-type="ref"}, a much less tractable limitation lies in the inability to recreate natural environmental influences in the laboratory [5](#pim12180-bib-0005){ref-type="ref"}. Thus, wild animals experience a range of complex symbiont exposures and environmental stressors that cannot be sufficiently replicated in captivity [5](#pim12180-bib-0005){ref-type="ref"}. As such, wild mammals (and especially wild nonmodel rodents, due to some of the advantages discussed below) would seem a natural starting point to approach the problem of identifying environmental stimuli that drive immunological development and homeostasis in the wild. As previously considered in more detail by Friberg *et al*. [5](#pim12180-bib-0005){ref-type="ref"}, progress could be made either through *in situ* studies in natural populations tracking the effects of environmental variables using manipulative experimental or observational approaches (see for example, the wood mouse case study below), or through transplantation of naturally occurring lineages to (and monitoring of the changes occurring in) experimentally manipulated anthropogenic environments.

Identifying genetic loci under historical pathogen selection {#pim12180-sec-0004}
------------------------------------------------------------

Not all humans in modern environments develop immunologically based diseases (even though increasing numbers do), and those that succumb often have identifiable genetic predispositions. As noted above, causative environmental factors likely exert their effects upon a background of significant immunogenetic variability inherited from wild ancestral populations. The subject area of wild rodents as models for this immunogenetic variability was reviewed in detail by Turner and Paterson [15](#pim12180-bib-0015){ref-type="ref"} and will only be considered here sufficiently to provide a general overview relevant to the present article. Briefly, a parallel challenge to the one of identifying environmental factors driving immunopathological phenotypes in anthropogenic environments described above, then, is the one of revealing genetic variation that places individuals at risk [15](#pim12180-bib-0015){ref-type="ref"}. In other words, finding genetic variation that natural selection has shaped in a way that, although adaptive in some natural settings, has the potential to be maladaptive in anthropogenic environments.

Such variation results from balancing selection, or from directional selection or genetic drift that has not proceeded to fixation, in ancestral populations. Here, selective agents (for example, naturally occurring pathogens) that were present in the past, or neutral processes, may have driven into wild populations alleles that are broadly deleterious in novel anthropogenic environments. Where potentially deleterious genes have been fixed, though, only variation due to environmental factors (see section above) or the wider genetic background is important.

Immunogenetic polymorphism driven by balancing or directional selection is thought to cause at least some of the variation underlying immunopathological conditions in modern humans [21](#pim12180-bib-0021){ref-type="ref"}, [22](#pim12180-bib-0022){ref-type="ref"}, [23](#pim12180-bib-0023){ref-type="ref"}, [24](#pim12180-bib-0024){ref-type="ref"}, [25](#pim12180-bib-0025){ref-type="ref"}, [26](#pim12180-bib-0026){ref-type="ref"} and could, equally, be responsible for a great deal of natural variation in wild animals. Although it is increasingly recognized that adaptive evolution has structured the polymorphism in genes controlling the vertebrate immune system [26](#pim12180-bib-0026){ref-type="ref"}, [27](#pim12180-bib-0027){ref-type="ref"}, [28](#pim12180-bib-0028){ref-type="ref"}, our knowledge of the dynamics of this selection is still rudimentary. Crucially, the types of genes and pathways that tend to undergo balancing selection, or frequent intermittent directional selection, in the natural environment are poorly known. Also, the nature of the selection involved and the phenotypic manifestations of the polymorphisms are not well understood. Studies of wild populations [29](#pim12180-bib-0029){ref-type="ref"}, [30](#pim12180-bib-0030){ref-type="ref"}, [31](#pim12180-bib-0031){ref-type="ref"}, [32](#pim12180-bib-0032){ref-type="ref"}, [33](#pim12180-bib-0033){ref-type="ref"} are pivotal in this regard, as the wild is the only place in which natural selection, and the phenotypes upon which it operates, can be measured. Furthermore, given the conservation of the mammalian immune system, it seems likely that similar genes and pathways may be the target of pathogen‐mediated balancing selection across taxa. Future studies into the causes of immunogenetic variation (and the characterization of the associated phenotypes) in natural populations are thus likely to feed insights into the biomedical and veterinary fields through focussing attention on the types of gene predisposed to drive immunopathology due to ancestral adaptive evolution.

The Dynamics of Infectious Disease in the Environment {#pim12180-sec-0005}
=====================================================

Infectious disease risk {#pim12180-sec-0006}
-----------------------

Another goal of immunological studies in wildlife is to provide an improved understanding of the dynamics of infection in natural populations [6](#pim12180-bib-0006){ref-type="ref"}, [34](#pim12180-bib-0034){ref-type="ref"}. And rodents are of particular interest in this regard, given their ecological importance and role as reservoirs for many zoonotic infectious agents [35](#pim12180-bib-0035){ref-type="ref"}, [36](#pim12180-bib-0036){ref-type="ref"}. In general, the dynamics of zoonotic and other ecologically important infectious diseases are likely to be influenced by heterogeneities amongst individual hosts [37](#pim12180-bib-0037){ref-type="ref"}, which will affect disease severity and transmission. As the immune system is the host\'s defence against infectious agents, variation within it is likely to generate much of this heterogeneity [32](#pim12180-bib-0032){ref-type="ref"}, [38](#pim12180-bib-0038){ref-type="ref"}. The measurement of immunological variation in real ecological contexts may, then, allow us to better define individual heterogeneity, and moreover, to address its environmental causes and epidemiological consequences [1](#pim12180-bib-0001){ref-type="ref"}, [39](#pim12180-bib-0039){ref-type="ref"}. This could help anticipate infectious disease risks in the environment. For example, such information may help to identify variations in immune defence that occur in time \[e.g. seasonal [40](#pim12180-bib-0040){ref-type="ref"}, [41](#pim12180-bib-0041){ref-type="ref"}, [42](#pim12180-bib-0042){ref-type="ref"}\] or space \[e.g. habitat--specific or along invasion fronts [43](#pim12180-bib-0043){ref-type="ref"}, [44](#pim12180-bib-0044){ref-type="ref"}\] and that alter susceptibility to infectious agents; or it may help identify species [45](#pim12180-bib-0045){ref-type="ref"}, [46](#pim12180-bib-0046){ref-type="ref"}, or subsets within populations [47](#pim12180-bib-0047){ref-type="ref"}, whose immunological profiles indicate an increased likelihood to serve as permissive reservoir hosts for certain pathogens. For example, studies on variability in the expression of *tnf*α and *mx2* genes in bank voles (*Myodes glareolus*) have suggested the possibility of environmentally driven landscape‐level patterns that may affect the epidemiology of zoonotic Puumala hantavirus [47](#pim12180-bib-0047){ref-type="ref"}.

Infectious disease surveillance {#pim12180-sec-0007}
-------------------------------

As the most numerous group of mammals (\~1500 species) the rodents represent, through sheer weight of numbers and their wide distributions, very significant potential reservoirs for emerging zoonotic infections. Much emphasis has recently been placed on emerging and re‐emerging infectious diseases from wildlife reservoirs \[for example, the One Health initiative [48](#pim12180-bib-0048){ref-type="ref"}\] and the importance of undertaking pro‐active monitoring programmes. In addition to infection risk for humans and domesticated animals, it is likely that epidemic and endemic infectious disease may also contribute significantly to the dynamics of wildlife themselves and indirectly to higher level ecosystem functioning. Discovery of infectious agents of ecological importance, or that present a risk of zoonotic emergence is, however, limited by the fact that diagnostic techniques are specific to individual pathogens, or groups of pathogens. Whilst next‐generation sequencing (NGS) approaches are becoming available that allow very broad nonspecific surveys for pathogen sequences, these are costly and many individuals would have to be processed were a population to be sampled randomly. Given this, the detection of potential emergent infectious agents in wildlife could, in some cases, be facilitated by the monitoring of immunological expression [49](#pim12180-bib-0049){ref-type="ref"}. This would narrowly focus attention on individuals with aberrant immunological profiles that might be indicative of infection states. For example, these individuals could then be selected for further NGS studies [50](#pim12180-bib-0050){ref-type="ref"}, [51](#pim12180-bib-0051){ref-type="ref"} in order to detect pathogen‐specific sequences correlating with the aberrant immune expression profiles.

Whilst endemic reservoirs may be highly co‐adapted with their pathogens and be relatively asymptomatic [52](#pim12180-bib-0052){ref-type="ref"} (perhaps without anomalous immune expression profiles), it is sometimes the case that infectious agents emerging from wildlife reservoirs may do so via an intermediate 'amplifier' host that does succumb to significant disease. Such hosts may shed more infective particles into the environment than the endemic reservoir and also show signs of acute immune responses. For example, putative amplifier hosts may have been involved in the emergence of the SARS coronavirus. Here, the ultimate natural reservoir appears to include horseshoe bats (*Rhinolophus* spp.), but the infection was likely transmitted to human hosts indirectly via other wild mammals, including the palm civet (*Paguma larvata*) [53](#pim12180-bib-0053){ref-type="ref"}, which is highly susceptible to the virus and sheds high titres of infective particles [54](#pim12180-bib-0054){ref-type="ref"}. In scenarios where the aim is to identify emergent disease risks before any infectious agent is specifically identified, immune expression studies may provide a way to filter potential diseased amplifier individuals from natural populations and focus attention on these for further study. It is also likely that the pattern of immune expression may be indicative of the type of pathogen involved \[as is increasingly being exploited in medical diagnostics [55](#pim12180-bib-0055){ref-type="ref"}\] and that this may help target subsequent efforts at identification.

Expanding Basic Understanding of the Immune System {#pim12180-sec-0008}
==================================================

Studies in wild nonmodel rodents may also yield unexpected general insights into the fundamental biology of the mammalian immune system. Thus, the laboratory model of mouse immunity cannot properly address many aspects of environmental variation seen in nature, and studies in humans are also limited in this way and by what tissues may be sampled or experimental approaches undertaken. On the other hand, immune responses in wild animals, once they can be interpreted using post‐genomic and systems biology approaches, may reveal functional pathways and interaction networks that were not previously understood, precisely because they relate to stressful environmental conditions that cannot ethically be replicated in laboratory or domestic animals, or in humans. An example where a focus on natural populations may feed‐back insights into general immunology is given in the section below dealing with immunodynamics in field vole populations [56](#pim12180-bib-0056){ref-type="ref"}.

Included in the fundamental biology of the immune system might be the costs of immunity embodied in classical ecological immunology [16](#pim12180-bib-0016){ref-type="ref"}, [57](#pim12180-bib-0057){ref-type="ref"}. This revolves around the concept of trade‐offs: that immune responses impose a penalty in the form of competition for energy allocation to, or functional interference with, other life‐history traits. Understanding these costs, and the interaction of immunity with other organismal traits, is an active and exciting area of research [16](#pim12180-bib-0016){ref-type="ref"} that may generate insights relevant to human health and biomedical science. There is also relevance to agriculture, where production traits reflecting reproductive or growth parameters might interact with immunity in ways that are not yet fully appreciated. Whilst many advances have been made in the field relating to costs of immunity [16](#pim12180-bib-0016){ref-type="ref"}, further studies in natural populations using the type of holistic, genomewide approach possible with transcriptomic methods hold the promise of further advances.

What Study Systems and Measurements to Use? {#pim12180-sec-0009}
===========================================

Why not just well‐studied laboratory or farmed species? {#pim12180-sec-0010}
-------------------------------------------------------

Some studies may necessarily focus on particular species or local faunas because of specific concerns about infectious disease risks. Where more general questions are to be answered, though, an obvious starting point for studies of immune function in natural systems would be to use the wild counterparts of standard laboratory models or other well‐studied domesticated species. In particular, house mice (covered elsewhere in this special issue) would seem an obvious choice given their status as a central model in immunology. This would allow the use of robust measurements based on pre‐existing antibody reagents (see next section) and would also allow interpretation of immunological patterns in the context of a very detailed organism‐specific knowledge base.

Looking beyond the small number of laboratory and domesticated species, though, several considerations make it advisable to additionally consider other naturally occurring species. Firstly, as they occur in the 'wild' today, rats and mice may have patchy population structures that are narrowly focussed on unnatural anthropogenic environments and are the result of a long history of anthropogenically linked dispersal. In the case of the mouse, for example, dispersal is believed to have occurred from the fertile crescent in the near east [58](#pim12180-bib-0058){ref-type="ref"} across most of the globe following the expansion of human civilizations [59](#pim12180-bib-0059){ref-type="ref"}. This history of co‐habitation and dispersal means that house mice may harbour symbiont assemblages restricted by lineage sorting (extinction) during dispersal/colonization events and, as invasive organisms, they may have acquired new infections in their relatively recent evolutionary history. In response to selective forces acting during dispersal and gain/loss of infectious threats, such invasive species may also have undergone rapid genetically based changes in immune function [43](#pim12180-bib-0043){ref-type="ref"}, [60](#pim12180-bib-0060){ref-type="ref"}. These considerations (lack of a natural symbiont flora/fauna, an unusual evolutionary history of dispersal and frequent occupation of anthropogenic habitats) make rats and mice weaker natural models to assess 'hygiene hypothesis' or 'old friends' ideas. Here, where the hypothesis is that immunopathological phenotypes in anthropogenic environments arise from a lack of stimuli from co‐evolved symbionts, models are needed where the host co‐exists in its natural setting with a complete assemblage of co‐evolved symbionts.

In contrast to the house mouse and Norway rat, common naturally occurring murine and microtine rodent species (e.g. *Apodemus*,*Myodes* and *Microtus* spp. in Europe), whose ecology has been well studied, often occur in relatively extensive, evenly distributed and persistent populations. These are likelier to have been stably linked in the long term with natural or quasi‐natural habitats and with a diverse, co‐adapted symbiont assemblage.

Transcriptomic studies are facilitated by a previously annotated genome, and this may affect the choice of study species. Increasing genomic information is becoming available for several well‐studied taxa, including the European species *Apodemus sylvaticus*,*Microtus agrestis* and *M. glareolus*, and annotated genomes have been assembled for *Peromyscus maniculatus* and *Microtus ochrogaster* in north America. However, transcriptomic studies can be carried out through *de novo* assembly without a pre‐existing species‐specific genome [61](#pim12180-bib-0061){ref-type="ref"} and allow the exploitation of almost any species for ecological immunology studies. Naturally occurring rodents recently used for ecological immunological studies in other parts of the world include, for example, organisms as diverse as the capybara (*Hydrochoerus hydrochaeris*) [62](#pim12180-bib-0062){ref-type="ref"}, [63](#pim12180-bib-0063){ref-type="ref"} or the pallid Atlantic forest rat (*Delomys sublineatus*) [64](#pim12180-bib-0064){ref-type="ref"} in South America.

In general, naturally occurring rodents represent unparalleled models for work in ecological immunology and immunogenetics. Whilst their close relation to the laboratory mouse allows interpretation in terms of modern mechanistic immunology, their high population densities, amenability to longitudinal sampling and experimental manipulation in the field, short generation times, relatively spatially static populations and, ultimately, their adaptability to the laboratory environment, make these organisms uniquely tractable study systems. Given the diversity and abundance of rodents, it is likely that most researchers will have, at close hand, naturally occurring rodent systems that may serve as useful ecological models or that are practically relevant as reservoirs of transmissible infectious disease.

Finally, it should not be forgotten that there is very likely to be value, for its own sake, in carrying out studies across a wide diversity of host systems [16](#pim12180-bib-0016){ref-type="ref"}. This will be useful in revealing the generalities in immune function across species and will also provide insights from the specialized adaptations that individual species use to meet specific sets of circumstances.

Measurement: protein vs. nucleic acids {#pim12180-sec-0011}
--------------------------------------

There is a strong emphasis in modern immunology on the use of antibody reagents against immunological biomolecules for robust molecular phenotypic measurements. Gene expression measurements at the mRNA level, in comparison, are generally considered a more problematical approach that is 'resorted to' if necessary, particularly in the case of analyses of individual genes by real‐time PCR (QPCR). This is based primarily on the fact that the expression of bioactive protein may not always track upstream mRNA concentrations [65](#pim12180-bib-0065){ref-type="ref"}. Complex kinetics in the pathway between mRNA and protein, and the stability of the proteins themselves, can prevent a simple relationship. Often there is poor concordance of matched transcriptomic and proteomic data sets across a range of organisms [66](#pim12180-bib-0066){ref-type="ref"}. Such a lack of gene‐by‐gene correlation, though, is much less relevant than the information content that transcriptomic profiles carry in relation to the biological status of the individual. This information content is attested to by the increasing use of transcriptomic approaches in modern biology. More specifically, early indications in wild rodents [1](#pim12180-bib-0001){ref-type="ref"}, [47](#pim12180-bib-0047){ref-type="ref"}, [56](#pim12180-bib-0056){ref-type="ref"}, [64](#pim12180-bib-0064){ref-type="ref"} suggest that gene expression measurements, especially if interpreted with the complexity of post‐transcriptional dynamics in mind, do contain much useful information.

Practical issues restrict the usefulness of antibody‐based methods in nonmodel rodents. Due to structural variability in many immune molecules (especially canonical cytokines and cell surface markers), the transferability of commercially available off‐the‐shelf reagents amongst rodents, even within the subfamily Murinae, is limited. Whilst some commercial assays and reagents may indeed be found to cross‐react amongst rodent species (for example, many commercial antibodies targeting immunoglobulins), this approach may involve trialling dozens of others unsuccessfully. This has been the experience of researchers targeting cytokines in the cricetid, *Peromyscus maniculatus*, in North America [67](#pim12180-bib-0067){ref-type="ref"}, or even the murine, *Apodemus sylvaticus*, in Western Europe [49](#pim12180-bib-0049){ref-type="ref"}, [68](#pim12180-bib-0068){ref-type="ref"}. Thus, developing a broad panel of assays may require the *de novo* production of monoclonal and/or polyclonal antibodies, which is technically feasible but is costly and time‐consuming [4](#pim12180-bib-0004){ref-type="ref"}, [5](#pim12180-bib-0005){ref-type="ref"}, [6](#pim12180-bib-0006){ref-type="ref"}, especially given that two separate antibodies may be required per target (if setting up a microplate ELISA, for example).

A promising and more economical strategy will be to explore further the potential of established and emerging nucleic acids measurement [4](#pim12180-bib-0004){ref-type="ref"}, [6](#pim12180-bib-0006){ref-type="ref"}, [69](#pim12180-bib-0069){ref-type="ref"}. This approach can focus on panels of candidate genes, selected on the basis of the existing knowledge base for mouse immunological pathways. Even more powerfully, RNAseq [70](#pim12180-bib-0070){ref-type="ref"}, [71](#pim12180-bib-0071){ref-type="ref"}, because it encompasses the whole transcriptome (10s of thousands of genes, depending on sequencing coverage), largely removes concerns associated with measuring single genes as it allows a focus on whole pathways whose concerted variation is much more likely to reflect the phenotype. This is a technique that, although very expensive per sample, can be used in an unbiased way to identify informative and reliable marker genes that can then be measured by cheaper technologies in larger sample sizes. As an approach directed at the entire transcriptome, it is likely to supersede oligonucleotide microarray methods, due to general technical superiority [72](#pim12180-bib-0072){ref-type="ref"} and, particularly in the case of studies in nonmodel species, the requirement of microarrays for prior sequence information. Targeting of single genes (or small panels of genes) may be carried out by QPCR (quantitative real‐time PCR, often abbreviated as RT‐PCR) or other emerging technologies that measure nucleic acids more directly, for example digital PCR [73](#pim12180-bib-0073){ref-type="ref"} or new developments of microarray‐like systems [74](#pim12180-bib-0074){ref-type="ref"}. The latter technologies are likely to be technically more robust than QPCR, which although still invaluable, suffers from sensitivity to variable reaction kinetics amongst samples; however, they are currently more expensive, and in the case of digital PCR less applicable to high‐throughput applications.

Finally, the point should be made that, whatever molecular measurement approach taken (protein or RNA‐based), this should ultimately be cross‐referenced to functional measures of immunity (such as susceptibility to pathogens). In natural populations, this cross‐referencing can be achieved either by observational epidemiological studies, or, more powerfully (and with greater difficulty), by manipulative experimental infectious challenges.

Forward vs. reverse engineering complex biological systems {#pim12180-sec-0012}
----------------------------------------------------------

The advent of genomewide transcriptomic (and other high throughput) measurements arguably allows rapid progress in the study of immunity in natural systems through exploratory, data‐led approaches that might loosely be covered by the term 'reverse engineering' [75](#pim12180-bib-0075){ref-type="ref"}. Biologists often attempt to explain natural systems using a forward‐engineering‐like philosophy, where a high level model or concept is used to direct the interpretation of data. Although this approach (in some form or other) is likely to remain indispensible and also corresponds to many biologists idea of the basic scientific method, it is vulnerable to arbitrary choice of starting model and is not necessarily the exclusive, or most direct, route to understand complex systems (especially when starting from a low knowledge base). In contrast, in reverse engineering, large sets of responses (as generated by, for example, transcriptomic or multiplexed protein measurements) can be correlated with environmental and organismal variables of interest across perturbations (either natural or experimental), allowing interaction networks to be inferred [3](#pim12180-bib-0003){ref-type="ref"}. This can help establish how molecular pathways interact with each other and the environment to generate the observed phenotype. A reverse‐engineering‐like philosophy has, in part, featured in the examples dealt with below, and although these work with limited panels of measurements, they illustrate the potential for future studies using broader transcriptomic approaches.

Case Studies: Two Recent Focuses on Naturally Occurring Nonmodel Rodents {#pim12180-sec-0013}
========================================================================

Macroparasites and innate antimicrobial responses {#pim12180-sec-0014}
-------------------------------------------------

### Background {#pim12180-sec-0015}

The immune system has co‐evolved with commensal microbes to the extent that it requires cues from these organisms to programme its normal development [76](#pim12180-bib-0076){ref-type="ref"}, [77](#pim12180-bib-0077){ref-type="ref"}. Moreover, as a result of this, immunopathological phenotypes are to be expected where microbial exposures occur that are outside the parameters within which natural selection has operated during evolutionary history [77](#pim12180-bib-0077){ref-type="ref"}, [78](#pim12180-bib-0078){ref-type="ref"}. This developmental interaction between microbiota and immune system is, in part, channelled by toll‐like receptors (TLRs) of the innate immune system [76](#pim12180-bib-0076){ref-type="ref"}, [79](#pim12180-bib-0079){ref-type="ref"}, [80](#pim12180-bib-0080){ref-type="ref"}. The specificities of these receptors [81](#pim12180-bib-0081){ref-type="ref"} and the inflammatory programmes they recruit are essentially directed against microbes. However, recent studies in wild rodents, which will briefly be reviewed here, suggest that natural exposures to macroparasites modify systemic TLR‐mediated responses to bacterial molecular patterns. Macroparasites, given their widespread occurrence in natural vertebrate populations, may thus be part of an extended co‐evolved interaction network, involving commensal microbes and innate antimicrobial responses, which can drive the development and homeostasis of the immune system.

### TLR‐mediated responses in *Apodemus sylvaticus* at Cotgrave Forest, Nottinghamshire {#pim12180-sec-0016}

A wood mouse population at Cotgrave Forest, Nottinghamshire, was monitored [49](#pim12180-bib-0049){ref-type="ref"}, [68](#pim12180-bib-0068){ref-type="ref"}, [82](#pim12180-bib-0082){ref-type="ref"} over time, with a series of cross‐sectional samples between 2006 and 2008. A range of *ex vivo* TLR‐mediated responses (to defined TLR agonists) were measured in cultured splenocytes from subsets of animals. Due to a pattern of positive covariation amongst TLR‐mediated tumour necrosis factor alpha (TNF‐α) protein responses (TLRs 2, 3--5, 7, 9) measured in the early part of the sample series, and the especially strong associations of TLR2‐mediated TNF‐α production with measures of macroparasite infection, this last response in particular was chosen to be measured in all samples.

Focussing on TLR2‐mediated response across the whole study period, this was found to be associated with certain macroparasites, especially the gastrointestinal heligmosomatid nematode, *Heligmosomoides polygyrus*, and the blood‐sucking ectoparasitic louse, *Polyplax serrata*. The magnitude and direction of the associations, though, changed across the study period. The changing associations corresponded to different environmental conditions following a perturbation (population crash) in the mouse population during the middle part of the study. Early in the study, the abundances of mice and macroparasites were high, but following the mouse population crash, the later part of the study was characterized by lower macroparasite abundance. Corresponding changes occurred in the association between macroparasites (*P. serrata* and *H. polygyrus*) and TLR2‐mediated TNF‐α responses, with a strong negative coefficient before the perturbation (at high infection levels) and a positive one subsequently (at lower infection levels).

Complementary laboratory experiments using the mouse‐*Heligmosomoides bakeri* model supported a causal effect of nematode infection upon TLR‐mediated responses. This model is relevant because *H. bakeri* is a very close relative [59](#pim12180-bib-0059){ref-type="ref"}, [83](#pim12180-bib-0083){ref-type="ref"} of the *H. polygyrus* occurring in wood mice. Previously naïve inbred mice exposed to single (CBA, BALB/c, C57BL/6, SWR) and trickle *H. bakeri* infections (BALB/c, C57BL/6), typically up‐regulated TLR responses signalling through myeloid differentiation primary response gene 88 (MyD88) at some point during the infection course, usually coinciding with peak standing worm burdens. This is consistent with a permissive effect of MyD88 signalling on gastrointestinal nematode infection demonstrated through experiments with *Myd88* −/− and interleukin one receptor one (*Il1r1*) −/− mice [84](#pim12180-bib-0084){ref-type="ref"}, [85](#pim12180-bib-0085){ref-type="ref"}. It is interesting, though, that in the trickle infection experiments, resistance developed in both BALB/c and C57BL/6. This contrasts with more permissive infection phenotypes previously achieved under similar experimental regimens, where the susceptible strain C57BL/6 supports chronic infection and can continue accumulating worms to the point of lethality [86](#pim12180-bib-0086){ref-type="ref"}. Furthermore, in wild wood mice there is a linear accumulation of *H. polygyrus* with age and no indication of acquired immunity in the form of abundance as a decelerating function of age indicators [82](#pim12180-bib-0082){ref-type="ref"}. It may also be significant that the laboratory experiments, in initially naïve animals, produced results consistent with the positive abundance -- TLR response association seen in the wood mouse population during times of low parasite abundance, but were not consistent with the negative association seen at times of high parasite abundance. The latter negative association (and perhaps the permissive infection phenotypes noted above) could be accounted for by the well‐known immunosuppressive effects of chronic heligmosomatid infections. These effects would likely involve adaptive regulatory T‐cell responses that could feedback negatively onto innate immune responses [87](#pim12180-bib-0087){ref-type="ref"}.

Taken together, all of this information indicates that macroparasite infection exposures may have significant and context‐dependent effects on the innate responses that mediate interactions of the immune system with microbes. The mechanism for this remains to be determined, but as discussed by Friberg *et al*. [5](#pim12180-bib-0005){ref-type="ref"}, the possibilities include effects on TLR signalling by worms that are direct, via secreted immunomodulators, or indirect, via feedback from adaptive immune responses. Other indirect effects could be mediated by altered exposure to microbes or innate damage signals resulting from the activities of macroparasites at their site of infection. There is some reason to believe that one or both of these last mechanisms might be important. Thus, heligmosomatid excretory--secretory products [88](#pim12180-bib-0088){ref-type="ref"}, and the regulatory [87](#pim12180-bib-0087){ref-type="ref"} and Th2 [89](#pim12180-bib-0089){ref-type="ref"} immune responses that these parasites typically trigger, generally reduce TLR‐mediated signalling. In the laboratory experiments, though, heligmosomatid infections actually increased TLR responses (perhaps consistent with activation by TLR ligands, which are primarily microbial‐ or damage‐associated patterns). This re‐emphasizes the possibility that co‐infections with macroparasites contribute to the network of interactions between commensal microbes and the immune system. Moreover, due to the epidemiological association of ectoparasitic lice with systemic responses in the Cotgrave Forest study, it seems that antiparasite responses at peripheral sites beyond the gut [78](#pim12180-bib-0078){ref-type="ref"} may also be involved. The existence of such an extended interaction network is highly relevant to our understanding of how microbiotal exposures programme immunity. Because macroparasites are often absent in anthropogenic environments [5](#pim12180-bib-0005){ref-type="ref"}, this may contribute to the disruption of co‐evolved interactions (cf. the hygiene hypothesis). Thus, studies in a wild system have pointed towards the need for further work to establish the role of natural macroparasite communities in the formation of microbiotal assemblages and the contribution of this to health.

Gene expression signatures of antipathogen strategies and their life‐history correlates {#pim12180-sec-0017}
---------------------------------------------------------------------------------------

### Background {#pim12180-sec-0018}

Evolutionary fitness in the natural environment is not measureable in the laboratory, and so studies of host--pathogen community dynamics in the wild are essential to fully understand immune responses in their wider context -- as components of antipathogen strategies that maximize fitness. Studies in wild field voles, briefly reviewed below, have aimed to identify distributional infection patterns associated with different antipathogen strategies in natural populations and to link these to expression signatures in immune‐relevant genes. Such gene expression markers can then be used to track the life‐history correlates of different putative strategies and may also give insights into the immunological mechanisms involved.

When considering adaptations to infection exposures, two strategies are available to a host and these may often be deployed together, although there may be some emphasis on one relative to the other. These strategies are resistance, where the host prevents infection (denies access to the pathogen), and tolerance, where the host allows access to the pathogen whilst actively mitigating the negative effects of infection. Identifying patterns of tolerance and resistance in natural populations is problematical but can be approached using a general framework like that summarized in Jackson *et al*. [56](#pim12180-bib-0056){ref-type="ref"}. In cross‐sectional samples ('snapshot' destructive samples of individuals), tolerance in identifiable groups of animals may be measured as the regression slopes (reaction norms) of fitness measures (for example, body condition) against infection load. Here there is the problem that, in individuals from natural populations, the infection dose and the time course of infection are not standardized. Reaction norms, though, can also be supplemented by consideration of the phase curves (temporal trajectories of fitness in relation to infection load) of infection courses in longitudinally sampled individual animals. These allow a known infection load to be related to fitness measurements at a later time point. In the study briefly reviewed below, both approaches were used, with initial identification of a tolerance‐like pattern in cross‐sectional samples, which was then corroborated and extended by focussed analyses in longitudinal samples.

### Immune gene expression profiles in field voles at Kielder Forest, Northumberland {#pim12180-sec-0019}

Gene expression measurements are increasingly being used in studies of infectious disease in nonmodel rodent systems [1](#pim12180-bib-0001){ref-type="ref"}, [6](#pim12180-bib-0006){ref-type="ref"}, [49](#pim12180-bib-0049){ref-type="ref"}, [64](#pim12180-bib-0064){ref-type="ref"}, [90](#pim12180-bib-0090){ref-type="ref"}, [91](#pim12180-bib-0091){ref-type="ref"}, [92](#pim12180-bib-0092){ref-type="ref"}. In work carried out in the well‐studied Kielder voles (*M. agrestis*) system [39](#pim12180-bib-0039){ref-type="ref"}, measurements of a panel of candidate genes (representing different immunological pathways) were taken in sets of cross‐sectional and longitudinal samples from individual voles at two sites in each of two seasons (2008--2010). This design aimed to capitalize on the respective strengths of the two sampling modes: the greater range and precision of measurement in destructively sampled 'snapshot' cross‐sectional samples (where more tissues can be interrogated and manipulated in the laboratory), also the stronger inference of causality in time series data from repeat‐sampled individually marked animals (longitudinal samples). In cross‐sectional samples, expression profiles were measured in *ex vivo* stimulatory assays of cultured splenocytes (with stimulants including TLR2 and TLR7 agonists and mitogen), whilst in longitudinal samples, constitutive expression was recorded in peripheral blood. In addition, a range of infection and condition measures were recorded in the sample animals.

Early analyses in a partial cross‐sectional data set for immune gene expression (2008--2009), and without considering pathogen data, suggested the value of the measurement approach through the existence of significant variation of expression in relation to season, life‐history stage and individual condition [1](#pim12180-bib-0001){ref-type="ref"}. Further analyses, on the full data set, searched for patterns of resistance or tolerance to pathogens. Initially focussing on the more detailed cross‐sectional data, and using body and organ condition (weight adjusted for standard length) as a fitness measure, it was possible to recognize a predominant pattern indicative of tolerance to macroparasite infection in mature males (where macroparasites accumulated with age indicators and were associated with increasing body condition) and a pattern indicative of resistance in immature males (where macroparasite abundances were decelerating functions of age indicators and not associated with body condition) [56](#pim12180-bib-0056){ref-type="ref"}. Although unexpected, the positive association of body condition with macroparasite infection in mature males was in the context of negative changes in other life‐history components and not inconsistent with a negative overall impact of infection exposure on fitness.

High expression of the transcription factor GATA‐binding factor 3 (Gata3) in mitogen‐stimulated splenocytes was found to mark both tolerant animals (amongst mature males) and resistant animals (amongst immature males) in the cross‐sectional set. Furthermore, analyses of time‐lagged associations in mature males in the longitudinal data suggested that macroparasite infections triggered Gata3 responses \[as might be expected in laboratory models [93](#pim12180-bib-0093){ref-type="ref"}, [94](#pim12180-bib-0094){ref-type="ref"}, [95](#pim12180-bib-0095){ref-type="ref"}\], which in turn gave rise to increases in body condition. This corroborated the cross‐sectional analyses and supported a hypothesis that Gata3 activity stimulated by macroparasites is part of a complex of (tolerance) responses leading to the readjustment of body condition in mature males. Constitutive Gata3 expression in peripheral blood also correlated with survival in longitudinally monitored animals, with high relative expression of Gata3 predicting poorer survival in younger animals but having a progressively more positive effect on survivorship with increasing age.

In this observational field study, the existence of confounding processes that might produce the cross‐sectional patterns attributed to tolerance should be considered. Indeed, the multifaceted nature of the Kielder study, with cross‐sectional and longitudinal components providing a range of measurements in different population strata, increases the opportunities for comparing predictions to data. Two main confounding processes might be relevant in terms of their potential to generate tolerance‐like patterns. One of these is differential mortality (DM): where, amongst animals heavily infected with macroparasites, those in poor condition die more quickly, biasing the average condition of the survivors upwards. Another possibility is correlated risk (CR): where parasite load may be linked to good condition because hosts in good condition forage more or range more and encounter more parasite infective stages as a result.

The DM and CR scenarios were poorer explanations for the observed patterns from a number of perspectives. Under CR, increased condition would precede increased acquisition of parasites and the Gata3 responses they trigger; but in temporal series for individual mature males, these two sets of events, in reality, occurred in the reversed sequence. This observed sequence and the direction of association also contradict the prediction of DM of a negative effect of macroparasite infection (and the Gata3 responses triggered) on subsequent condition (which follows if infection is a major cause of mortality) -- in reality there was a positive association. Perhaps most importantly, the DM and CR scenarios do not explain the age‐specific changes in the relationship between Gata3 expression and survival in longitudinal data, or in the relationship between Gata3, condition and macroparasite infection in the cross‐sectional data. Thus, if DM were true, Gata3 expression in peripheral blood would be expected to show a consistent negative association with individual survival, especially in classes of animal with an apparent Gata3‐associated tolerance pattern. However, in reality Gata3 expression decreases survival in smaller males (where a tolerance pattern is not seen) but tends to increase survival in larger animals (which do show the Gata3‐associated tolerance pattern). Furthermore, if CR were true, better conditioned animals would generally have higher parasite exposure and higher Gata3 expression; but in reality, this is only seen in mature males and not in immature males. It might also be argued that a special case of CR, which could explain the latter age‐specific pattern, is that better conditioned mature males range more, or have more social contacts, due to increased breeding activity. Even in this case, though, the wide‐ranging males would be expected to have better testis condition (if undergoing increased behaviours associated with breeding); but in our study, Gata3 expression was negatively correlated with testis condition. Thus, the details of the study were consistent with a hypothesis of elevated Gata3 expression mediating resistance in immature males and tolerance in mature males; there were major inconsistencies with alternative DM and CR interpretations.

Gata3 is a master transcription factor involved in the differentiation and development of Th2 (T‐helper type 2 cell) cells [96](#pim12180-bib-0096){ref-type="ref"} and would be expected to mark Th2 activity in the splenocyte cultures studied. The seemingly dual aspect of Gata3 (involved in tolerance *and* resistance) is not biologically implausible, given that Th2 responses have long been associated with resistance to macroparasite infections in laboratory models but are also linked to wound‐healing mechanisms that might be involved in tolerance [97](#pim12180-bib-0097){ref-type="ref"}. It would seem possible, however, that Gata3‐expressing Th2 cells might drive different downstream effector responses in resistance and tolerance, and this is one aspect that is worthy of further study. Whilst regulatory components of the immune system have previously been considered as possible mediators of tolerance [98](#pim12180-bib-0098){ref-type="ref"}, through their ability to dampen effector responses, this was not supported in the Kielder study. Thus, the anti‐inflammatory cytokines interleukin (IL) 10 and transforming growth factor beta one (TGF‐β1) and the transcription factor forkhead box P3 (FoxP3), whose expression characterizes many regulatory T‐cell subsets, were measured but were not associated with tolerance patterns.

Gata3 expression in tolerant males was associated with a complex of life‐history readjustments likely to impact fitness (represented by schematic phase curves in Figure [1](#pim12180-fig-0001){ref-type="fig"}). Apart from the increase in body condition, there was a decrease in a fecundity indicator (testis condition) and increasing survival as animals aged. Possibly, then, the tolerance strategy increases fitness via improvements in residual reproductive value (potential for future reproduction) during macroparasite infection. This is epidemiologically significant, as the transmission of infectious agents may become focussed through tolerant subsets of the population with consequences for the population dynamics, life histories and co‐evolutionary dynamics of the interacting organisms. But there are also insights that can be fed back into laboratory immunology. The results raise the possibility that Th2 cell activity may show ontogenetic changes, sometimes mediating resistance and at other times mediating tolerance. This dichotomy could be relevant to the laboratory as, typically, laboratory experiments are carried out in restricted life‐history stages under restricted environmental conditions, and this may have skewed our view of what responses are likely to occur in systems outside of the laboratory. There is also a relevance to vaccination strategies in real‐world situations, which may need to encompass the possibility that, under some conditions and in some subsets of a population, similar immunogenic stimuli may result in resistance *or* tolerance responses (that might not be protective in terms of preventing infection, but could have some benefit in terms of ameliorating disease). This may be especially significant, given that most vaccine adjuvants used in practical contexts are Th2‐inducing aluminium salts (alums).

![Life‐history responses in male field voles (*Microtus agrestis*) associated with Gata3 expression triggered by macroparasite exposures, represented schematically as phase curves (temporal tracks through the plotted parameter space). Gata3^mit‐stim^, Gata3 expression in cultured mitogen‐stimulated splenocytes; Gata3^blood^, constitutive Gata3 expression in peripheral blood.](PIM-37-220-g001){#pim12180-fig-0001}

Conclusions {#pim12180-sec-0020}
===========

Although much interesting work has been done in nonmodel rodents using narrow focusses on individual immune responses, a renewed effort addressing the immune system (and its interaction with wider organismal traits and the environment) in a more holistic way seems likely to pay dividends. The pivotal technological means to do this are now accessible, in the form of next‐generation sequencing analyses of the transcriptome. Early indications from studies using QPCR panels of candidate genes suggest that gene expression measurements in natural populations do convey interpretable information about individual status, especially where combined with defined stimulatory treatments of cultured cell populations. Associations occur with season, life‐history stage and body condition. Furthermore, there are strong indications that infection pressures are key drivers of many aspects of expression in the immune system in nature and that, as a result of these pressures, wild mammals can be confidently predicted to adopt phenotypes very different to those seen in laboratory rodents. All of this supports the utility of immune gene expression measurements for ecologically and epidemiologically motivated studies; it also confirms the interest for our basic understanding of the immune system: where the diverse combinations of environmental conditions seen in the wild may reveal interaction networks that remain hidden under controlled laboratory conditions. Finally, studying the diversity of immune function in natural and anthropogenic environments (and, ultimately, further dissection of this variation under experimental conditions) will help us resolve the environmental stimuli (and genotype × environment interactions) that affect the formation of immunopathological phenotypes such as those responsible for so much variation in human health and animal welfare.
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